Marianoite, a new member of the cuspidine group of minerals, occurs in phlogopite-calcite silicocarbonatite in the western part of the Mesoproterozoic Prairie Lake intrusive complex, in northwestern Ontario, Canada. The mineral forms flattened prismatic crystals with resorbed faces, up to 0.3 mm in length, and is associated with uranoan pyrochlore, titanite and natrolitemuscovite pseudomorphs after xenocrystic nepheline. The crystals are translucent, very pale yellow macroscopically and colorless in plane-polarized light. The mineral is biaxial negative (a 1.700, b 1.715, g 1.725, 2V meas 80°, 2V calc 78°) and shows a weak optic-axis dispersion (r < v). Marianoite is relatively homogeneous in composition; its average empirical formula is Na 4 ], but shows the preponderance of Nb in the smallest octahedrally coordinated cation sites in its crystal structure. The occupancy of these sites cannot be determined accurately because of the similar X-ray scattering characteristics and ionic radii of Nb 5+ and Zr
IntRoDUCtIon
The importance of cuspidine-group minerals as potential repositories for high-field-strength elements (in particular, Nb and Zr) in carbonatites was first recognized by Mariano & Roeder (1989) . Although generally not as abundant as pyrochlore or perovskite, Nb-and Zr-rich members of the cuspidine group are a modally significant component of early carbonatites and silicocarbonatites in some localities, which has significant implications for mineral exploration. The cuspidinegroup minerals previously reported from carbonatites include cuspidine, niocalite and wöhlerite (Nickel 1956 , Mariano & Roeder 1989 , Keller et al. 1995 , Mitchell & Belton 2004 . During a detailed mineralogical study of silicocarbonatites from the Prairie Lake complex in northwestern Ontario, we recognized that in addition to wöhlerite, these rocks contain a stoichiometrically similar cuspidine-group mineral consistently showing the predominance of Nb over Zr (in atoms per formula unit, apfu). This material was examined in detail and submitted to the Commission on New Minerals, Nomenclature and Classification of the International Mineralogical Association (CNMNC IMA) as the new species marianoite (), named for Anthony Nicola ("Tony") Mariano (b. 1930) of Carlisle, Massachusetts, in recognition of his continuing contributions to the mineralogy, geochemistry and economic geology of alkaline rocks and carbonatites. Our proposal (CNMNC no. 2005-05a) 
oCCURRenCe AnD PARAgeneSIS
The Prairie Lake intrusive complex (Lat. 49°02'N, Long. 86°43'W) is situated immediately northwest of Prairie Lake, some 110 km east of the town of Nipigon in the Thunder Bay district (northwestern Ontario, Canada). The complex comprises predominantly foidolitic and carbonatitic rocks of Mesoproterosoic age, which were emplaced in Archean gneisses of the Superior craton along the Trans-Superior Tectonic Zone (Sage & Watkinson 1991 , and references therein). The carbonatitic rocks are most abundant in the peripheral parts of the intrusion, and include modally and texturally diverse sövites, silicocarbonatites and much less abundant dolomite carbonatites. The complex has been a target of intermittent exploration for Nb and U for three decades (Franklin 1978 , Mariano 1979 , Watkinson 1979 . Although pyrochlore is the main mineral of economic interest at Prairie Lake, Mariano & Roeder (1989) have shown that locally, a significant proportion of Nb is bound in wöhlerite, whose modal content reaches 7 vol.% in pseudoleucite-bearing maliginite and some types of silicocarbonatite.
The silicocarbonatite sample containing marianoite was collected by one of us (RHM) from the so-called Tantalum pit south of Anomaly Lake in the western part of the complex. This rock is emplaced in ijolite and consists of euhedral crystals of phlogopite (0.1-5.0 mm across, 55-60 vol.% of the rock), U-rich pyrochlore (20-40 mm across, ca. 3 vol.%), titanite (up to 0.6 mm in length, <1 vol.%) and marianoite (up to 0.3 mm in length, ca. 1 vol.%) in a mesostasis of inequigranular mosaic-textured calcite (0.2-3.5 mm across, 35-40 vol.%; Fig. 1 ). Marianoite is an early liquidus mineral in this rock; it crystallized prior to phlogopite, calcite and the bulk of the pyrochlore. Phlogopite is the latest silicate mineral to crystallize. It poikilitically encloses marianoite, pyrochlore, titanite and, locally, calcite. Both phlogopite and calcite host pseudomorphs of natrolite + muscovite after fragmented nepheline, which was undoubtedly derived from the host ijolite. Marianoite forms flattened prismatic crystals with strongly resorbed (?) faces and inclusions of pyrochlore in their peripheral parts (Figs. 1, 2) . Parts of the crystals adjacent to pyrochlore are transformed to a turbid fractured material with a low average atomic number (AZ) and H 2 O in its chemical composition, as inferred from low analytical totals. The abundance of high-field-strength elements in the pyrochlore and titanite associated with marianoite can be found in Chakhmouradian (2006, Appendix A) .
PHYSICAL AnD oPtICAL PRoPeRtIeS
Macroscopically, fresh marianoite is very pale yellow and translucent, with a luster ranging from vitreous on marianoïte est relativement homogène en composition; sa formule empirique moyenne serait Na Mots-clés: marianoïte, nouvelle espèce minérale, groupe de la cuspidine, structure cristalline, silicocarbonatite, Prairie Lake, Ontario, Canada.
cleavage surfaces to greasy on resorbed faces. It has a Mohs hardness of 6 (determined with fine-point hardness picks on a polished surface), uneven fracture and a distinct cleavage on {010}. The mineral sinks in di-iodomethane (D = 3.32 g/cm 3 ), but its specific gravity could not be determined more accurately because of the dearth of homogeneous material and lack of suitable heavy liquids; D calc is equal to 3.45(2) g/cm 3 . Marianoite is colorless and nonpleochroic in plane-polarized light, and exhibits lamellar twinning in crossed polars. The mineral is biaxial and optically negative, with a 1.700, b 1.715, g 1.725, 2V meas 80°, 2V calc 78° and weak optic-axis dispersion (r < v). The optic orientation is as follows: Z = b, X  c = 45° in acute b (Fig. 1c) .
CHeMICAL CoMPoSItIon
The chemical composition of marianoite was determined by wavelength-dispersive X-ray spectrometry using a fully automated CAMECA SX 100 electron microprobe operated at 15 kV and 20 nA, and a set of well-characterized natural and synthetic standards (Table 1) . We used Ka analytical lines for F, Na, Mg, Al, Si, K, Ca, Ti, Mn and Fe, and Lb lines for La, Ce, Nd, Zr, Hf, Nb and Ta. Several grains were analyzed with a 5-mm beam in areas unaffected by alteration, and these data were then used to obtain the average composition listed in (12), as is the apfu value for Si, which suggests that all elements present in marianoite in measurable quantities were accounted for in the electron-microprobe analysis. For practical reasons (see below), the simplified formula of marianoite should be written as Na 2 Ca 4 (Nb,Zr) 2 (Si 2 O 7 ) 2 (O,F) 4 . The samples of wöhlerite with a variable Nb:Zr ratio, studied by Mariano & Roeder (1989) , show a sympathetic correlation between their Nb and F contents, which suggests the existence of coupled substitution Zr 4+ + F (Keller et al. 1995 , Bellezza et al. 2004 , Mitchell & Belton 2004 ; see our published analytical data for Nb-Zr-rich members of the cuspidine group.
CRYStALLogRAPHY
For X-ray-diffraction studies, we selected several clear crystals of marianoite free of inclusions and radiation damage. Because it was impossible to separate any material devoid of {100} twinning, its presence was taken into account in the analysis of the structure. One of the crystals selected was attached to a thin glass rod and mounted on a Bruker PLATFORM three-circle goniometer equipped with a 1K SMART charge-coupled-device (CCD) detector, with a crystalto-detector distance of 5 cm. The application of CCD Fig. 3 . Compositional variation of cuspidine-group minerals expressed in at.% of the major occupants of octahedrally coordinated cation sites, including Ti, Zr + Hf, Nb + Ta and divalent cations ( VI R 2+ = VI Ca + Mn + Fe + Mg). The proportion of VI Ca was calculated as the balance of Ca after the seven-and eight-fold-coordinated sites have been completely filled with Na, K, Sr, Ba and Ca. The data points for marianoite are from this work and that of Keller et al. (1995) . Other data are from Tikhonenkov & Kazakova (1962) , Sveshnikova & Burova (1973) , Aarden & Gittins (1974) , Polyakov (1974) , Mellini & Merlino (1979) , Kapustin (1980) , Mellini (1981) , Annehed et al. (1985) , Mariano & Roeder (1989) , Merlino et al. (1990) , Keller et al. (1995) , Moreau et al. (1996) , Sharygin et al. (1996) , Chao & Gault (1997) , Jamtveit et al. (1997) , Perchiazzi et al. (2000) , Bellezza et al. (2004) and Mitchell & Belton (2004) . The diamond-cored star corresponds to an unnamed mineral compositionally intermediate between wöhlerite and niocalite (Keller et al. 1995). detectors to structure analysis has been discussed in detail by Burns (1998) . The X-ray-diffraction data were collected using a monochromatic MoKa source, frame width of 0.3° in v, and acquisition time of 30 seconds per frame. A sphere of three-dimensional data was collected, and these data were processed to locate peaks for the determination of unit-cell parameters (Table 3) . Three-dimensional data were collected over the interval 3° ≤ 2u ≤ 69.25°, and then reduced and corrected for Lorentz, polarization and background effects using the Bruker program SAInt. Other experimental details are listed in Table 3 .
The structure of marianoite was refined by direct methods in space group P2 1 (#4, monoclinic system) using the Bruker SHeLxtL Version 5.10 package of programs, incorporating subroutines for the refinement of twinned structures with variable fractional contributions from twin components (Sheldrick 1997 ). The structure is twinned with twin matrix -1 0 -1, 0 1 0, 0 0 1. Individual twin components refined to 0.357(2) and 0.643(2). The final Flack parameter (Flack 1983 ) is 0.05(5), indicating that the structure is in the correct absolute orientation. Scattering factors for neutral atoms were taken from Ibers & Hamilton (1974) . A table of observed and calculated structure-factors is available from the Depository of Unpublished Data on the MAC website (document Marianoite CM46_1023).
Marianoite is isostructural with wöhlerite (Mellini & Merlino 1979) , which corresponds to structure-type #8 in the modular classification of Merlino & Perchiazzi (1988) . The atom coordinates and selected bond-lengths for marianoite are given in Tables 4 and 5 . This structure can be viewed as consisting of walls of edge-sharing octahedra and sorosilicate groups, both aligned parallel to [001] . The walls are four octahedra wide and interconnected by sharing their corners and through the sorosilicate groups, attached to three adjacent walls simultaneously (Fig. 4) . The true coordination of Na atoms is 8, and that of Ca atoms ranges from 6 to 8 (Table 5 ), but the model presented here is favored by crystallographers for its simplicity and convenience in making structural comparisons among the different members of the cuspidine group (e.g., Merlino & Perchiazzi 1988 ).
X-ray-diffraction (XRD) data for marianoite were obtained with the Gandolfi method using Ni-filtered CuKa radiation with a 114.6-mm camera mounted on a Philips 3710 diffractometer operated at 30 mA and 40 kV. The measured d-values are in good agreement with those calculated from the single-crystal X-raydiffraction data (Table 6 ).
DISCUSSIon

Conditions of crystallization and other localities
The available Sr-Nd isotopic evidence (Bell & Blenkinsop 1987) indicates that the Prairie Lake carbonatites originated from a distinct source in the mantle, in comparison with the coeval alkaline-silicate magmatism in the Midcontinent Rift; Heaman & Machado (1992) provided a detailed discussion of these findings. Chakhmouradian & Mitchell (2002) studied the compositional variation of rock-forming and some accessory minerals from the ijolites and silicocarbonatites (including the marianoite-bearing sample) and concluded that these rocks could not have been derived from the same parental magma and, hence, probably represent two genetically unrelated magma-types. This conclusion is consistent with the published, albeit limited, isotopic data (see above). Chakhmouradian & Mitchell (2002) also showed that the ijolites were disaggregated and intensely digested by the carbonatitic magma, which was the process at least partly responsible for the enrichment of the Prairie Lake carbonatitic magma in silica. The abundance of early-crystallizing titanite in these rocks and the absence of albite in the nepheline-replacement assemblage (see oCCURRenCe AnD PARAgeneSIS) indicate log a(SiO 2 ) values in the range from -1.2 to -0.7 at T = 900-1000 K (Barker 2001) . That the Nb-Zr silicate marianoite precipitated earlier than pyrochlore also indicates initially high a(SiO 2 ) in the magma.
Although not as well studied as bona fide carbonatites, silicocarbonatites are relatively common and may have a multiplicity of origins (e.g., direct crystallization of carbonate-silicate melts, fractionation of silicate minerals from carbonatitic magma, or contamination of carbonatitic magma by wallrock silicate material). Thus, carbonatitic magmas of different provenance can potentially attain the level of silica activity necessary to stabilize Nb-Zr silicates and titanite on the liquidus. Crystal fractionation appears to be responsible for the formation of niocalite-bearing parageneses in natrocarbonatites at Oldoinyo Lengai in Tanzania (Mitchell & Belton 2004) , whereas wallrock assimilation probably enhanced the activity of silica in silicocarbonatites at Prairie Lake and Kaiserstuhl, Germany (Keller et al. 1995) . In addition to niocalite, the latter locality contains phases intermediate in composition with respect to niocalite and wöhlerite (Keller et al. 1995) . Although neither optical nor XRD data are available for the wöhlerite-like mineral from Kaiserstuhl, it consistently shows Nb > Zr in the formula and, hence, should be reclassified as marianoite (Table 2, no. 7). Marianoite has also been tentatively identified in calcite carbonatite from Okorusu in Namibia (A.N. Mariano, pers. commun.) . Mellini & Merlino (1979) refined the crystal structure of wöhlerite from its type locality at Langesundfjord, Norway, and proposed that Nb + Ti and Zr in this mineral are completely ordered over the two smallest octahedrally coordinated sites (designated as M1 and M2 in Tables 4 and 5 ). The proportion of Nb and Zr at these sites cannot be refined directly because of the very similar X-ray-scattering characteristics of the two elements. Accordingly, the interpretation of Mellini & Merlino stems from the following evidence:
Nomenclature
(1) The M1O 6 polyhedron is smaller in comparison with the M2O 6 polyhedron;
(2) The M1-O distances (1.84-2.26 Å) are more variable than the M2-O distances (2.05-2.16 Å); (3) The M1 site is characterized by a significantly larger equivalent thermal parameter (0.74 Å 2 versus 0.42 Å 2 for M2).
The formula of wöhlerite had, until very recently, been given as NaCa 2 (Zr,Nb)(Si 2 O 7 )(O,F) 2 or any even multiples thereof (Anthony et al. 1995 , Gaines et al. 1997 , Mandarino 1999 , PDF #10-0462, among others). It is only in the 2004 edition of Fleischer's Glossary of Mineral Species (Mandarino & Back 2004 ) that the formula of wöhlerite was unilaterally revised to include independent Zr and Nb sites, i.e., Na 2 Ca 4 Zr(Nb,Ti) (Si 2 O 7 ) 2 (O,F) 4 . Because the aforementioned arguments of Mellini & Merlino (1979) are pivotal to the discussion of the structural role of Nb and Zr in wöhlerite and, hence, the validity of marianoite as a mineral species, we shall address these arguments in detail below.
(1) Size difference. The average M1-O distance in both wöhlerite and marianoite is about 0.05 Å shorter than the average M2-O distance. However, the statement of Mellini & Merlino (1979, p. 118 ) that the average M-O distances are "in close agreement with the values calculated for the proposed site occupancies on the basis of the effective ionic radii" is not accurate. If the occupancy of the M1 site in wöhlerite is (Nb 0.8 Ti 0.2 ) (Mellini & Merlino 1979, p. 119) , the average M1-O distance should be 1.99 Å (ionic radii from Shannon 1976) . If the proportion of Ti at this site is fixed at 20%, the average M1-O distance of 2.033 Å requires that the remainder be made up of 50% Zr and 30% Nb. Clearly, this result is at variance with the interpretation of Mellini & Merlino (1979) that the M1 site is populated predominantly by Nb. It is also pertinent to the present discussion that these authors did not analyze their wöhlerite sample for Nb, assuming that its Nb content was the average of the values obtained by Brögger & Cleve (1890) and Tschernik (1909) on different material by "wet" chemical methods. A scrutiny of the literature shows that in cuspidine-group minerals, the size of (Nb,Zr,Ti)O 6 polyhedra is not a reliable measure of site occupancy. For example, the average Nb-O distance in niocalite is 0.05 Å longer than the calculated value, whereas the average Zr-O distance in hiortdahlite II is 0.07 Å longer than expected (Mellini 1982 , Merlino & Perchiazzi 1987 .
(2) Bond-length variations. Displacement of a cation from the center of its coordination polyhedron, resulting in deviations of bond lengths from the average value, is controlled by a number of parameters, both intrinsic (e.g., mismatch between the size of the actual occupant and the optimal size of the cation for this particular site) and extrinsic (e.g., electrostatic forces exerted by ions outside the nearest coordination-sphere). It is unreasonable to expect that Nb 5+ is invariably displaced from the center of its coordination polyhedron more than Zr 4+ . For example, the shortest and longest Zr-O bonds in ZrO 6 polyhedra in the structure of PbZrO 3 differ by 0.14 Å (2.03 versus 2.17 Å: Teslic & Egami 1998). The same magnitude of variation is observed for Nb-O bonds in the structure of NaNbO 3 (1.94 versus 2.08 Å: Xu et al. 2003) , which was used by Mellini & Merlino (1979) to support their argument for complete Nb-Zr order in wöhlerite. There are many examples among niobosilicate minerals in which the difference between the longest and shortest Nb-O distances is within the value observed for the M2 site in the present work (e.g., Piilonen et al. 2000) . Thus, bond-length variations cannot reliably be used to constrain the proportion of Zr and Nb at the M sites.
(3) Difference in thermal parameters. The equivalent thermal parameters at the M1 and M2 sites obtained in the present work show a relation opposite to that observed by Mellini & Merlino (1979) , i.e., our U eq (M1) value is 1.4 times smaller than U eq (M2) ( Table 4) . If we accept the explanation of Mellini & Merlino (1979, p. 119) explanation that increasing U eq correlates with the "offsetting" effect of Nb 5+ , the higher U eq (M2) value in our refinement would imply the presence of significant Nb at that site. That thermal parameters show no consistent behavior in the two types of material structurally studied suggests that they should not be used to support any cation-assignment model.
From the above discussion, it is clear that partitioning of Nb and Zr between the two smallest octahedrally coordinated sites in the wöhlerite-marianoite series cannot be determined unambiguously, even in cases where high-quality structural data are available. The CNMNC IMA recommends that such minerals be treated as containing a "composite site" made up of two or more crystallographic sites with indeterminate cation-occupancies (Nickel & Grice 1998, p. 917 ).
This nomenclatural approach is used for amphiboles, micas, staurolite and many other minerals in which the assignment of cations to discrete crystallographic sites is problematic or would cause unwarranted proliferation of mineral species. Applying the same approach to the wöhlerite-marianoite series seems both rational (see above) and practical. First of all, having one "composite site" restricts the number of end members to two or, possibly, three [Zr > (Nb,Ti), Nb > (Zr,Ti) and Ti > (Zr,Nb)]. Recognition of the two small octahedral sites as distinct constituents of the formula can potentially spawn a multitude of mineral species: nine featuring various combinations of Zr, Nb and Ti in M1 and M2, and many more if any element other than Zr, Nb or Ti is found to occupy >50% of either one of these sites. The use of chemical data as the primary basis for classification is more practical also because it does not require a laborious and costly structural investigation of the material in question. Lastly, our simplified scheme of classification is in keeping with, and will not require a revision of, the conventionally accepted formula of wöhlerite [NaCa 2 (Zr,Nb)(Si 2 O 7 )(O,F) 2 ].
In conclusion, we wish to add that the literature concerning the crystal chemistry of cuspidine-group minerals lacks convincing empirical evidence that differences in cation radius can drive the ordering of Zr, Nb and Ti over the small octahedrally coordinated sites. For example, the Zr-dominant låvenite and Ti-dominant normandite form a continuous solid-solution, observable, in some cases, within a single zoned crystal (Moreau et al. 1996 , Perchiazzi et al. 2000 . Given a difference of 16% between the ionic radii of [6] Zr 4+ and [6] Ti 4+ , it is difficult to explain why these minerals, which crystallized under the same geological conditions as wöhlerite, lack detectable order in their distribution of cations. Extensive substitutions of Zr and Nb for Ca in cuspidine, Zr for Ca in niocalite, and Zr + Nb for Ti in janhaugite (Annehed et al. 1985 , Keller et al. 1995 , Sharygin et al. 1996 , Bellezza et al. 2004 , Mitchell & Belton 2004 attest to the great structural flexibility of these minerals and the complexity of substitution mechanisms involving Zr, Nb and Ti (Fig.  3) . The limited analytical data presently available for the wöhlerite-marianoite series span the range 0.5 ≤ Nb/Zr ≤ 1.3 (Table 2) , and it is clearly a matter of time before more Zr-rich and Nb-rich members are found.
ACKnowLeDgeMentS
This work was supported by the Natural Sciences and Engineering Research Council of Canada (ARC, RHM, EPR), National Science Foundation (PCB), Russian Foundation for Fundamental Investigations (YuM), and the University of Manitoba (ARC). We are grateful to Tony Mariano for his comments on the occurrence of cuspidine-group minerals at Prairie Lake and in other alkaline igneous complexes. Ron Chapman is thanked for his help with the acquisition of electronmicroprobe data. Ernst Burke (Chairman), Scott Ercit (Canadian representative) and other members of the CNMNC IMA are gratefully acknowledged for their insightful comments on the marianoite proposal. We also thank Joel Grice, Viktor Sharygin, Editor Robert F. Martin and Associate Editor David R. Lentz for their helpful reviews of this manuscript. We dedicate this article to Prof. John Gittins in recognition of his contributions to the petrology of carbonatites.
